A Streptomyces sp. (BRA-384) was selected among nine strains of bacteria isolated from the zoanthids Palythoa caribaeorum due to the high cytotoxic activity presented by its EtOAc extract (inhibitory concentration mean (IC 50 ) of 2 ng mL -1 ) against colon cancer cell line. From the EtOAc extract of BRA-384 three new chemical entities (A 6 , A 7 and A 8 ) and one dextrorotatory chromomycin (A 5 ), a promising class of anticancer compounds, were identified. The cytotoxicity of chromomycins A 5 to A 8 was tested against five tumor cell lines (HCT 116 (human colon adenocarcinoma), MCF-7 (human breast carcinoma), PC-3M (human metastatic prostate cancer), 501-mel (human metastatic melanoma) and MM200 (metastatic melanoma)). All chromomycins were highly potent showing IC 50 values from 0.2 to 133 nM. Chromomycin A 5 was consistently the most potent over all tested cells (IC 50 values from 0.2 in MM200 to 7.9 nM in PC-3M), inclusive when compared to the standard chemotherapeutic agent doxorubicin, that presented IC 50 values ranging from 147 to 568 nM against MM200 and MCF-7, respectively.
Introduction
Marine microorganisms have emerged as an immensurable resource of bioactive compounds. Among the microbial sources, the actinomycetes, filamentous Gram-positive bacteria, have been highlighted as producers of a great number of active secondary metabolites. In fact, there is evidence that ca. 10,000 active compounds have been discovered from actinomycetes, representing 43% of all bioactive microbial metabolites. 1, 2 Among the actinomycetes, the genus Streptomyces (family: Streptomycetaceae, order: Actinomycetales) has been considered as the major producer of active compounds, contributing significantly to cancer treatments. 3, 4 Several antitumor compounds currently used in human chemotherapy are produced by Streptomyces species, and includes the actinomycin, mitomycin, anthracycline, bleomycin, pentostatin, resistomycin and aureolic acid families.
of apoptosis related genes. 12, 13 Most of this knowledge is related to chromomycin A 3 effects, but it is assumed to be true for the whole family of compounds. Previously, we reported 14 autophagy induction on melanoma cells by chromomycin A 2 isolated from Streptomyces sp. recovered from marine sediment.
As part of a program on marine natural products bioprospection, we have devoted our attention to the study of the zoanthids Palythoa caribaeorum and Palythoa variabilis, two abundant zoanthids in the Brazilian coast. 15 Recently, we have extended the scope of our research investigating the chemical and microbiological profiles of these species from the Brazilian coast through an omics approach which revealed a great chemical and biosynthetic gene clusters diversity. 15 In this paper, we present the isolation and structure elucidation of four dextrorotatory chromomycins from a cytotoxic extract produced by a Streptomyces bacteria strain recovered from the zoanthid P. caribaeorum, collected at Pedra Rachada Beach, located on the west coast of Ceará State, including the previously described chromomycin A 5 . 10 The cytotoxic activity of the isolated compounds was evaluated in a panel of five tumor cell lines, including melanoma, breast, colon and prostate carcinomas.
Results and Discussion
A total of nine bacterial strains were isolated from the zoanthids P. caribaeorum and P. variabilis collected at Taíba and Pedra Rachada beaches (Ceará State) in the northeastern Brazil coast. The bacteria were cultured, and their crude EtOAc extracts were evaluated against the human HCT 116 colon cancer cells. The most active extract, from the BRA-384 strain, showed an inhibitory concentration mean (IC 50 ) value equal to 2 ng mL -1 , and therefore, it was selected to be further investigated. BRA-384 was identified as Streptomyces sp. based on the 16S rRNA sequencing by comparison to the sequences present at NCBI 16 using basic local alignment search tool (BLAST) followed by phylogenetic analysis ( Figure S1 , Supplementary Information (SI) section).
In this study, the time-course of the production of chromomycins (1 to 4) by BRA-384 was investigated ( Figure 1a) . Firstly, the chromatographic conditions to the identification of each peak of the chromomycins were established (see Figure S2 , SI section). Once the aureolic acid is the common chromophore of all these molecules, 4 a positive correlation of the peak areas with the quantity of chromomycin was expected. The peaks of compound 1 increased, while 3 diminished progressively from 1 h to 9 days. On the other hand, compound 2 depicted larger peaks at days 5 and 7. Compound 4 detection was always much lower than compounds 1-3. Additionally, when the BRA-384 strain was removed from the culture broth, by filtration (0.22 μm), the extracts kept the same profile until day 9 (see Figure S3 , SI section). These data suggested that the variation in the relative amounts of chromomycins were made by the bacteria itself, once all the culture conditions were the same, except by the bacteria removal. The biomass and organic extract yielding increased markedly on A1 culture broth with BRA-384 until day 7. The growth inhibition of HCT 116 cells was sustained above 80% by all the organic extracts tested at 50 μg mL -1 (data not shown). Once the cytotoxicity potency of chromomycins is well known, this high growth inhibition was expected. Based on these observations, we performed BRA-384 extractions at day 6 aiming to achieve both favorable yield and optimized amounts of chromomycins as well.
Liquid chromatography (LC) analysis of the crude extract exhibited an UV profile (λ max 410, 320, 280 and 235 nm), which is characteristic of members of the aureolic acid family. 4, 10 The compounds associated with main peaks observed in the high-pressure liquid chromatography (HPLC) were isolated and the chemical structures were characterized by high resolution mass spectra (HRMS), and nuclear magnetic resonance (NMR). A preliminary analysis by 1 H NMR spectra (see Table 1 6, 8 Those compounds are structurally characterized by a tetrahydro antracenone substituted at C-3 and C-7 by aliphatic chains, and at C-2 and C-6 by oligosaccharide chains constituted by oliose (sugars A and B), olivose (sugars C and D) and chromose (sugar E), which can be acetylated and/or O-methylated. 6, 8, 9 Despite the common structural aspects, each member has a peculiar characteristic which enables its identification even in mixtures, for instance: while the chromomycins and mithramycins display a characteristic methyl at C-7, the durhamycins have a sec-butyl at the same position. On the other hand, olivomycins in turn, are not substituted in this position. 4, 7, 10, 17 Although both chromomycins and mithramycins present the same aglycones, they differ in the stereochemistry of the sugar units. In chromomycins, the disaccharide at C-2 is β-A(3→1)-α-B and the trisaccharide at C-6 is β-C(3→1)-β-D-(3→1)-α-E, whereas in mithramycins, all units glycosides have β-configuration at the anomeric carbons. 10 These main differences are easily observed by NMR data. Vol 18 since no significant differences in the chemical shifts (larger difference ∆d C 0.4 ppm and ∆d H 0.09 ppm) were observed (see Table S1 , SI section). Nevertheless, the dextrorotatory specific rotation of Figures S4-S10 , SI section). Based on the above data 1 is a new member of aureolic acid family and following the denotation adopted for the five chromomycins already reported, it was assigned as chromomycin A 6 .
Compound 2 was also isolated as a yellow amorphous powder. Its molecular formula was established as C 58 Table 1 ). The unequivocal positioning of the propionyl moiety at C-E4 (d C 79.6) was confirmed by the HMBC correlation of the proton signal at d H 4.61 (d, J 9.0 Hz, H-E4) with the ester carbonyl at d C 175.3 (CH 3 CH 2 CO-E4), 70.5 (C-E3), 67.0 (C-E5) and 18.0 (C-E6). The above data support a structure similar to that of chromomycin A p (patent number 64967-61-9), 19 which was previously isolated from a Streptomyces griseus strain. Although the authors of the patent have stated that they have used NMR data, we were not able to find them, making it impossible to do any comparative analysis. However, the optical rotation described of [α] D 20 −56.0° (c 0.1, EtOH) 19 had the opposite sign to that found for 2 [α] D 20 +18.4° (c 0.1, MeOH), suggesting that these compounds are indeed stereoisomers. However, the lack of NMR data for chromomycin A p does not permit to conclude whether they are diastereomers or enantiomers. Thus, compound 2 was assigned as the new chromomycin A 7 .
Compound 3, also isolated as a yellow amorphous powder, had its molecular formula described as C 59 C NMR spectra (see Table 1 ). The unequivocal position of the isobutyryl group at C-E4 (d C 79.5) was confirmed by the HMBC correlation of the H-E4 at d H 4.61 (d, J 9.6 Hz) with the ester carboxyl at d C 177.7 (C=O). Analysis of 1 H and 13 C NMR data allowed to suggest an identical structure to those of chromomycin A 5 20 isolated from a culture of Streptomyces sp. a chromomycin (codified as SR1768A) bearing a propionyl group at the same position. To the best of our knowledge, this was the only report on the isolation of this compound, but its NMR data and the optical rotation were not reported, which did not permit any comparison. Thus, we believe that chromomycin 4 is a new dextrorotatory entity of this family, and then, designated chromomycin A 8 .
Chromomycins, as well as other aureolic acids, are type II polyketides and their biosynthetic clusters include the genes for polyketide biosynthesis and modifications, deoxysugar biosynthesis or sugar transfer, pathway regulation and resistance. [6] [7] [8] Genome mining can be used to increase the production yield and also to obtain modified chromomycins. [6] [7] [8] The compounds 1-4 share the same aglycone moiety showing only minor differences at C-A4 or C-E4 of the saccharide side chains (Figure 2) . Concerning to the latter dissimilarities, the activity of CmmA acetyltransferase, an enzyme located in the cell membrane of Streptomyces which accepts several acylCoA substrates, could explain the acylation diversity of 1 to 4, 7 corroborating the data from time-course experiments, where the presence of the bacteria strain is responsible for the appearance of compounds 1-4 in the culture media.
The cytotoxicity of the compounds 1-4 was further evaluated against five human cell lines including the human tumor cell lines MCF-7 (breast carcinoma), HCT 116 (colon adenocarcinoma), PC-3M (metastatic prostate cancer), 501-mel (metastatic melanoma) and MM200 (metastatic melanoma). Chromomycins 1-4 were highly potent against tumor cells showing IC 50 values ranging from 0.2 nM for compound 3, over MM200 cells, to 133 nM for compound 2 over MCF-7 cells. In fact, compound 3 was consistently more active throughout all tested cell lines. Doxorubicin, used as positive control, was far less active than compounds 1-4, being the biggest difference in the sensitivity of doxorubicin and chromomycin A 5 (3) over HCT 116 cells, where the positive control was more than one thousand times less active (see Table 2 ).
Previous studies on the molecular interactions of chromomycin A 3 and DNA revealed that this compound dimerizes, in a process coordinated by the presence of Mg 2+ , and binds to the minor groove of the DNA duplex.
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The binding involves the interaction of the chromophore and D, E and F sugar moieties with residues of the minor grove, while A-B sugar moieties and part of the chromophore interact with the phosphate backbone.
The C3-side chain is not directly related to the DNA binding properties, thus the influence in the observed cytotoxicity seemed to be secondary to modifications in the sugar moieties and the chromophore. 
Conclusions
A Streptomyces sp. strain recovered from the zoanthid P. caribaeorum with presumable ability to biosynthesize only, or mainly, dextrorotatory chromomycins was investigated. The chromomycins A 5 , A 6 , A 7 and A 8 were highly cytotoxic, exhibiting an exciting profile of this class of compounds for antitumor application.
Experimental

General
Optical rotations were measured with a Jasco P-2000 polarimeter, operating with a tungsten lamp at a wavelength of 589 nm at 20 °C. HRESIMS spectra were acquired using a Shimadzu chromatographic system coupled to a mass spectrometer (Bruker Daltonics) equipped with an electrospray ionization source (ESI -) and a quadrupoletime-of-flight analyzer. 1D and 2D 1 H, 13 C NMR spectra were obtained on a Bruker Avance DRX-500 or DPX-300 MHz spectrometers, using CDCl 3 or CD 3 OD as solvent. A Shimadzu ultra-fast liquid chromatograph (UFLC) semi-preparative system (equipped with ternary pumps and diode array SPD-M20A UV-Vis detector) was used for high-performance liquid chromatography. A molecular based approach was carried out for taxonomic identification of the BRA-384 strain. The genomic DNA of the isolated was extracted as previously described 22 with minor modifications. For DNA extraction the cell pellet from 1.0 mL of the BRA-384 culture was obtained and suspended in 500 μL of cetyltrimethylammonium bromide (CTAB) lysis buffer for three cycles of freezing (−70 °C at 10 min) and thawing (65 °C at 10 min). The DNA was purified by phenol-chloroform-isoamyl alcohol (25:24:1), precipitated with sodium acetate and isopropanol, washed with ethanol and eluted with 10 mM Tris buffer. The sample was subjected to three cycles of freezing (−70 °C for 10 min) and thawing (10 min at 65 °C), and DNA extracted from the lysate by phenol-chloroform extraction and ethanol precipitation. The gene 16S rRNA was amplified by polymerase chain reaction (PCR) using 27 F (5'AGA GTT TGA TCM TGG CTC AG3') 23 and 1492 R (5'CGG TTA CCT TGT TAC GAC TT3'). 24 The PCR amplification was performed in a final volume of 25 μL total containing 5 μL of 5X Green Gotaq (Promega), 0.5 μL of dNTPs (10 mM), 1.0 μL of each primer (10 μM), 0.125 μL Taq polymerase (5 U μL -1 , GoTaq, Promega), 1.0 μL of template DNA, and water to complete. The PCR cycling was performed under the following conditions: 95 °C for 3 min, followed by 30 cycles of 95 °C for 30 s, 54.8 °C for 30 s, and 72 °C for 1 min, with a final extension at 72 °C for 5 min. The PCR product was analyzed by electrophoresis on a 1% agarose gel stained with SYBR TM safe DNA gel stain (Invitrogen) and cleaned with ExoSAP-IT (Affymetrix). The sequencing was conducted at the Laboratório de Genética Molecular Humana (LGMH), Departamento de Genética of Universidade Federal de Pernambuco (UFPE) using Bigdye TM terminator v3.1 cycle sequencing kit (ThermoFisher). Sequences were obtained in both forward and reverse directions. Chromatograms were checked and the sequences edited using Geneious R10 software. 25 The sequence obtained in this study was compared with the NCBI 16 database using the basic local alignment search tool (BLAST) and deposited under the accession number MK163342. For the construction of the phylogenetic tree, some sequences were downloaded from NCBI 16 and the aligned was performed using MAFFT v7.222. 26 The phylogenetic tree was constructed with Geneious R10 software 25 using inference by the neighbor-joining (NJ) 27 method with bootstrap based on 1000 replication and by Tamura-Nei genetic distance model. Investigation of the time influence on the extract yielding, biomass production and chromomycins bioproduction
Triplicates of BRA-384 strain were inoculated in Erlenmeyer flasks containing 250.0 mL of medium A1, kept under constant stirring at 170 rpm. The extractions were performed in the time intervals: 1 h (0.04 day) followed by 1, 3, 5, 7 and 9 days, with 200.0 mL of EtOAc under stirring at 130 rpm for 2 h. Some BRA-384 broths were filtered at day 1 using a 0.22 μm vacuum filtration system (Sarsted). These extractions of the bacteria-free broths were performed on the days 3, 5, 7 and 9. To determine the biomass dry weight, after the extraction process, the biomass-containing the growth medium was filtered on filter paper (Whatman) using a vacuum system and then dried in an oven at 80 °C for 40 min. The weight of the extracts and biomass were measured.
Cell lines, cell culture maintenance and cytotoxic assay
The 501-mel (human metastatic melanoma), MM200 (human melanoma) and HCT 116 (human colon adenocarcinoma) cells were grown in Roswell Park Memorial Institute medium (RPMI), while MCF-7 (human breast carcinoma), PC-3M (human metastatic prostate cancer), were grown in Dulbecco's modified eagle medium (DMEM), both media were supplemented with 10% fetal bovine serum (FBS), 1% penicillin (10,000 IU mL -1 ) and streptomycin (10,000 μg mL -1 ) antibiotics. Cells were kept in an incubator with 5% CO 2 at 37 °C and regularly split to maintain them into exponential growth state. HCT 116 was used for the initial screening of the active extracts and for the bioguided fractionation of BRA-384 extract as well.
The antiproliferative activity was evaluated by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. 29 The cells were seeded on 96-well plates at a density of 1 × 10 4 (501-mel, MM200, HCT 116 and MCF-7) or 3 × 10 4 (PC-3M) per well with 200 μL culture medium. After 24 h, extracts and fractions (0.00064 to 50 μg mL -1 ) or compounds 1-4 (0.016 to 1000 nM) were added to the cultures and incubated during 69 h. Dimethyl sulfoxide (DMSO, 0.05%) was used as negative control and the antineoplastic compound doxorubicin (0.64 to 10,000 nM) was used as positive control. After treatment, culture media were replaced by fresh media containing MTT solution (0.5 mg mL -1 ) and incubated for additionally 3 h. The MTT solution was, then, removed and the plates dried at 35 °C for 30 min. The formazan product was solubilized in 150 μL of DMSO and the absorbance was read at 570 nm. The inhibition concentration means (IC 50 ) values and their 95% confidence intervals (CI 95%) were calculated by nonlinear regression of the normalized absorbance data to percentage of growth inhibition using GraphPad Prism 6.1 software.
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Supplementary Information
Supplementary information (experimental, NMR comparison of chromomycin, NMR spectra and HRESIMS of isolated compounds) is available free of charge at http://jbcs.sbq.org.br as PDF file.
